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Abstract

We solve the thermal dimensioning problem of the deep geological spent nuclear fuel
repository, which means to estimate the maximum temperature in the repository caused by the
heat generation of the spent fuel. We use a combination of the boundary element method for
the exterior problem of heat discharge to the infinity and finite element method for a near-
field thermal problem with a boundary condition expressed by the far-field problem solution.
This combination is implemented within the simulation software ANSYS as the “far-field
element”. The far-field element solution confirmed to well represent the heat discharge, in
comparison with the variant of a standard FEM far-field problem solution and conventional
boundary conditions (constant temperature or zero heat flow).
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Introduction

The solved problem comes from analysis of the project of geological disposal of a spent
nuclear fuel — the spent fuel is put to steel canisters which are placed deep to a stable rock
massif, further protected by the buffer layer of compacted bentonite [3]. One of the issues is
heat dissipation of the fuel, not to reach a certain safe maximum temperature for the
construction, while keeping the repository sufficiently small for economical reasons. For
numerical simulation, the challenge is in multiscale character of the problem: we need to take
into account details of canister and buffer shape in scale of tens of centimeters while there are
several tens or hundreds of such boreholes/canisters and the extent of thermal influence of
whole repository is in scale of hundreds of meters.

The methods used in the literature [2,4,6] are e.g. a superposition of solutions of the single
borehole/canister or multiscale model with line sources instead of real canister geometry,
either analytically or numerically. But for changing heat power and particular canister
geometry, the numerical solution is necessary anyway. Except of the analytical solution, all
approaches require solution of the heat conduction problem in much larger domain than the
actual volume influenced, to allow defining a realistic but simple boundary condition (e.g.
undisturbed temperature). For the solution of problems in infinite domain, the boundary
element method is well suited, as solution of the exterior problem. To include both correct



solution of heat conduction to infinity and particular complicated geometry of the canister,
buffer, and disposal borehole, the methods can be combined together — the finite element
method for the local problem and the boundary element method for the infinite (exterior)
problem. Several variants are described in literature as a general concept not limited to the
particular application [5].

The FEM-BEM approach is also implemented in ANSYS commercial multiphysical
simulation software, in the form of the “far-field element” [1,5], i.e. the standard finite
element formulation is extended with a special element attached to the boundary of the local
problem, expressing the interaction of the boundary with “infinity”, equivalent to the real
solution of the heat conduction in the infinite domain. Thus the problem can be solved in the
much smaller computational domain and much less degrees of freedom, with all flexibility of
finite elements on the local scale. In this paper we show how this approach can be efficiently
used to the particular problem of thermal field of the spent nuclear fuel repository and we
compare the “far-field element” solution with the solution with conventional boundary
conditions.

1. Model description and data

The structure of the planned repository [3,7] is a set of horizontal access tunnels with a certain
spacing, with vertical disposal boreholes at the bottom of the tunnels, with a certain spacing.
There is a cylindrical fuel canister in each borehole, with a layer of bentonite from top,
bottom and vertical sides. We consider a periodic symmetry for the model formulation — in
the plan view, the rectangle of half the tunnel spacing and half of the borehole spacing is the
representative for the whole periodic structure (Fig. 1). In the vertical direction we define the
domain extent according to needs of the heat influence and choice of a boundary condition.
The dimensions are specified in Fig. 1b and Tab. 1.

We apply some simplifications concerning the geometry and materials. The access tunnels are
filled with “backfill” material in the standard repository concept. The expected material is
typically a mixture of clay and other rock, so the used thermal properties for bentonite
(buffer) are not far from the possible values for the real backfill, moreover former tests have
shown almost no effect of the backfill thermal properties on the buffer temperatures. We
neglect the heat distribution inside the canister since the thermal dimensioning task is usually
motivated by the buffer material stability, not by the phenomena inside the canister. The
canister shell behaves as a perfect heat conductor distributing the heat according to the outer
buffer material properties and geometry. The homogeneous volume of steel is a good
approximation for the same behavior of the canister in our model. The real temperatures in the
canister would be higher due to air gaps between the fuel rods and the steel skeleton/shell, but
this is not a subject of this study.

Tab. 1. List of parameters describing model geometry (reference to Fig. 1b)

Parameter Notations [Reference value
Borehole spacing (between axes) d; Om

Tunnel sparing (between axes) d, 25m

Canister height (outer steel) h: 5.05m

Borehole height (outer buffer) h, 6.15m

Canister radius (steel/buffer interface) |r; 0.35m

Borehole radius (buffer/rock interface) |r» 0.66m

Vertical size of the model h; 60m

Tunnel diameter (circular) 3m

Source: Own compilation of data from [7,8]
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Fig. 1. (a) plan view of tunnels and boreholes (red) with symmetrical segment (blue),
(b) dimensions of the problem parts, (c) discretisation mesh of the model with

distinguished materials (a cut-out detail about 1/5 of the model height).
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Tab. 2. Material coefficients of the heat conduction problem, for different components of the
model (see Fig 1.c).

Material Density [Heat capacityHeat conductivity
kgm® kJkghK' W-mtK?!

Buffer (partly saturated compacted bentonite) 2000 2500 1

Host rock (granite) 2700 850 2.7

Canister (steel) 7800 45 460

Tunel backfill = same as buffer (simplified) 2000 2500 1

Source: Own compilation of data from [8]

The input data of the model are material coefficients, boundary and initial conditions, and
prescribed heat power changing in time. The heat conductivity, heat capacity and density are
listed in Tab 2. The initial condition is the constant temperature 10°C. The heat power is
calculated from the nuclear decay equations, for this study we got a table form of time/power
dependence, possible to fit with a sum of three exponential functions £8]. The heat power at
the beginning is 2137W, which means the power density 1858W/m” of the homogeneous
volume source mentioned above.

The boundary conditions on symmetry planes (all vertical) are no heat flow. For the boundary
on the horizontal planes on top and bottom of the model, we consider the following variants
(to be compared between each other):

e The “Far-field element” instead of the strict-sense boundary condition, i.e. solution of
the unbounded problem.
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e Constant temperature 10°C (equal to initial): this can possibly overestimate heat
dissipation and underestimate temperature (keeping the temperature constant in
presence of heating requires additional cooling of boundary).

e No heat flow on the bottom and the “far-field element” on the top: at the bottom side,
the heat flow is underestimated and therefore the temperature is overestimated.

To resume, we solve the problem of transient 3D linear heat conduction, with either standard
finite element method with mixed block and tetrahedral elements and linear or bilinear base
functions, or with combination of the finite element and the boundary element method, where
the solution of the exterior problem is set as a special element instead of boundary condition
on particular model side. We use ANSYS v11 academic license for all calculations.

2. Results

We analyze the results in form of vertical temperature profiles, in order to precisely
distinguish the behaviour near the boundary, which is the main subject of interest in relation
to the far-field element demonstration. For the thermal dimensioning of the repository, the
primary evaluated result is the maximum temperature. Surprisingly, the maximum
temperature (in both space and time) is not much influenced by the choice of the boundary
condition or far-field element. The reason can be that the heat power starts to decrease in
similar time scale as the heat reaches the boundary (only after this time the variant of
boundary can have effect on the maximum temperature). But the maximum temperature of the
single profile in particular time after 10 or 20 years is then visibly influenced by the variant of
the model boundary.

The profiles changing in time are presented in Fig. 2, for the far-field element variant. The
quick rise of the temperature in canister and buffer and then the spread of heat towards
boundaries and slower rise of the canister temperature is visible. The time development is
similar to all variants of boundary. In Fig. 3 (sooner time) and Fig. 4 (later time) the profiles
between model variants are compared: in the first case, the profiles are almost the same (the
effect of the boundary did not yet happen) while in the second case there are differences as
expected. The steepest decrease of temperature and the smallest canister temperature is for the
constant temperature boundary (artificial cooling), the slowest decrease and the larger
temperature is for zero heat flow (all heat kept inside), and the far-field element solution
(“correct” heat conduction to the infinity) is between — the cooling is given by the infinite
volume of rock around. We note that only left part of profile (bottom part of the model) is
relevant, because the top of the “no heat flow” model also uses the far-field element. Also, the
slope at the no-flow boundary is not ideally zero, because the model is slightly larger for this
variant.

Conclusion

The solution with the far-field element (FEM-BEM method) representing the heat conduction
in the infinite domain (without need of its actual discretisation) confirmed to behave as
expected. In comparison the temperature is between the results of the constant-temperature
and the no-heat-flow boundary. In contrast to e.g. empirical fitting of the third-type boundary,
we get the more accurate solution for almost the same computing price. The presented model
is in many aspects simplified against the needs for realistic prediction of the thermal condition
in the repository, but this analysis gives good reference for choice of the model geometry and
boundaries in the further more precise studies.
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Fig. 1. Development of vertical axial temperature profiles in time for the model with far-
field element (infinite boundary).
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Fig. 2. Comparison of temperature profiles among the model variants for a sooner time —
6.22 years (identical for “no heat flow” and “infinite element”).
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Fig. 3. Comparison of temperature profiles among the model variants for later time — 31.7
years.



Acknowledgements

This project is realized under the state subsidy of the Czech Republic within the research and
development project FR-TI/362 Research of properties of material for safe disposal of
radioactive waste and development of procedures for their assessment” supported by the
Ministry of Industry and Trade.

The paper was supported in part by the Project OP VaVpl Centre for Nanomaterials,
Advanced Technologies and Innovation CZ.1.05/2.1.00/01.0005.

Literature

[1] ANSYS, Inc.: Release 12.0 Documentation for ANSYS, ANSY'S Incorporated, 20009.

[2] HOKMARK H., FALTH B.: Thermal dimensioning of the deep repository. Influence of
canister spacing, canister power, rock thermal properties and nearfield design on the
maximum canister surface temperature, SKB report nr. TR-03-09, 2003.

[3] [IAEA: Scientific and Technical Basis for the Geological Disposal of Radioactive
Wastes, Int. Atom. En. Ag., Technical Reports Series No. 413, 2003.

[4] IKONEN, K.: Thermal Analyses of Spent Nuclear Fuel Repository, technical report,
POSIVA 2003-04.

[5] KALJEVIC, I., SAIGAL, S., ALI, A.: An Infinite Boundary Element Formulation for
Three-Dimensional Potential Problems, International Journal for Numerical Methods in
Engineering, VVol. 35, No. 10, pp. 2079-2100 (1992) .

[6] KOHUT R, BLAHETA R, KOLCUN A, MALIK J AND STARY J, Computations of
thermo-elastic responses of rocks in the vicinity of geological deposition of the spent
nuclear fuel, In: Proceedings of SIMONA 2006, Technical University of Liberec, 2006,
pp. 70-77.

[71 SURAO: Zaddvaci bezpecnostni zprava, Priloha ¢. 1, Referencni projekt hlubin-ného
uloziste v hostitelském prostredi granitovych hornin, SURAO-EGP Invest, Uh. Brod
1999.

[8] UJV REZ as.: Shromdzdeéni a aktualizace vstupnich vidajii o vyvoji tepla vyhorelych

palivovych souborii, Vystup 1.2, Ev. ¢. zhotovitele: 5 SMP 156, Nuclear research
institute Rez, March 2006.

doc. Ing. Milan Hokr, Ph.D., Ing. Josef Novak, Ph.D.



RESENI ULOHY TEPELNEHO DIMENZOVAN{ ULOZISTE VYHORELEHO JADERNEHO
PALIVA POMOCI KONECNYCH PRVKU A HRANICNICH PRVKU

Resime ulohu tepelného dimenzovani hlubinného geologického ukladani vyhotelého
jaderného paliva, coz spocivd v odhadu maximalni teploty v ulozisti vlivem tepla
generovan¢ho ulozenym palivem. Pouzivame kombinaci metody hrani¢nich prvka pro vnéjsi
ulohu odvodu tepla v nekone¢ném prostoru a metody koneénych prvka (MKP) pro tepelnou
ulohu v blizkém poli s okrajovou podminkou vyjadienou feSenim vné¢j$i ulohy. Tato
kombinace je implementovana v simulaénim softwaru ANSYS jako "far-field element".
Reseni touto metodou potvrdilo, Zze dobfe reprezentuje odvod tepla, v porovnani s variantami
modelu se standardni MKP pro tlohu vzdéaleného pole nebo s volbou zakladnich typt
okrajovych podminek (konstantni teplota nebo nulovy tepelny tok).

LOSUNG DER AUFGABE DER WARMEDIMENSIONIERUNG DER LAGESTATTE
FUR ATOMAREN ABFALL MIT HILFE FINITER ELEMENTE UND GRENZELEMENTE

Hier wird die Aufgabe der Wiarmedimensionierung der Tieflagerstitte von ausgebranntem
Atombrennstoff geldst. Dies ist die Schitzung der Maximaltemperatur in der Lagerstitte, die
durch den auf Grund der Wiarme verbrannten Brennstoff verursacht wurde. Wir benutzen eine
Kombination aus der Methode der Grenzelemente fiir die duBlere Warmeableitung in einen
unendlichen Raum (entfernte Felder) und der Methode der finiten Elemente fiir die Leitung
der Wérme auf dem nahen Feld mit der Randbedingung, welche durch die Ldsung im
entfernten Feld ausgedriickt wird. Diese Kombination wird in der Simulationssoftware
ANSYS als ,far-field element implementiert. Die Losung unter Verwendung dieses
Elements bestitigte die Fahigkeit, die Warme korrekt abzufiihren, und das im Vergleich mit
der Losung des entfernten Feldes durch finite Elemente und Standardrandbedingungen
(konstante Temperatur oder kein Wérmefluss).

ROZWIAZANIE ZADANIA ZAGOSPODAROWANIA ENERGII CIEPLNEJ
ZE SKLADOWISKA ODPADOW JADROWYCH PRZY POMOCY ELEMENTOW
SKONCZONYCH I ELEMENTOW BRZEGOWYCH

W artykule przedstawiono rozwigzanie zadania zagospodarowania energii cieplnej
pochodzacej z glgbinowego skladowiska wypalonego paliwa jadrowego, oparta na
oszacowaniu maksymalnej temperatury w sktadowisku spowodowanej energia cieplng
generowang przez wypalone paliwo. Zastosowano potgczenie metody elementow brzegowych
dla zewnetrzego zadania odprowadzenia energii cieplnej w nieskofczong przestrzen
(oddalone pole) oraz metody elementéw skonczonych dla odprowadzenia energii cieplnej na
pobliskie pole z warunkiem krancowym wyrazonym rozwigzaniem na oddalonym polu.
Potlaczenie to wprowadzono do oprogramowania symulacyjnego ANSYS jako "far-field
element" (element oddalonego pola). Rozwigzanie z wykorzystaniem tego elementu
umozliwilo prawidlowa prezentacje odprowadzenia energii cieplnej, w poréwnaniu z
rozwigzaniem w postaci oddalonego pola przy wykorzystaniu elementow brzegowych oraz
standardowych warunkow krancowych (stala temperatura lub zerowy przeplyw energii
cieplnej).



